We study the effect of the atomistic structure of metal− molecule contacts on the current-induced damping and excitation of vibrations in molecular circuits by means of f irst-principles calculations. We consider a carbene-based molecule bound to Au electrodes via three different tip terminations: a tetramer, a pyramid, and a chainlike structure. The change in the width and position of molecular levels associated with each of these metal−molecule structures under an applied voltage controls the heating and cooling processes. In blunt tips, where the electronic coupling between molecular and Au bulk states is strong, the cooling efficiency decreases as a function of bias which results in the heating of the most active vibrational modes. On the other hand, in chainlike structures where the coupling is weak, the cooling rate has a nonmonotonic behavior as a function of the applied bias and increases sharply beyond a certain voltage. This results in a currentinduced cooling at high bias. These findings open the way to the efficient removal of excess heat from the junction through control of the metal−molecule contact structures.
■ INTRODUCTION
The field of molecular electronics has reached a mature stage, and great progress has been made in the understanding of the different mechanisms controlling charge transport in single molecule junctions.
1−4 However, one of the main obstacles hampering the development of molecular scale circuits is the stability of nanojunctions under an applied bias. Because of the reduced dimensionality of the system, the junction has to sustain very high current densities which can generate extremely high temperatures. This can promote conformational changes of the junction 5−10 or induce its breakdown.
11−14
Thus, it is of paramount importance to go beyond the elastic charge transport picture and develop a detailed understanding of the processes controlling how heat is generated and dissipated in molecular junctions. Current-induced cooling via specific vibrational modes was recently studied using density functional tight-binding methods. 15 In this work we show how the atomistic structure of the metal−molecule interface plays a fundamental role in determining the heating and cooling dynamics (HCD) of molecular junctions under an external bias and how it can be used to efficiently dissipate heat at the junction.
Electrons tunneling through a molecular junction can exchange energy with the vibrations of the molecule. They can release energy into the vibrational modes, which increases the temperature of the molecule. These interactions are responsible for the Joule heating mechanism 16−20 of the junction. Electrons can also absorb energy from the vibrational modes of the molecule and cool it down. These currentinduced and electron−hole 21, 22 damping of molecular vibrations represent, among other mechanisms, 23 an important cooling channel for the system and contribute to the stabilization of the junction in a out-of-equilibrium situation. Figure 1 summarizes the current-induced emission and absorption processes of localized vibrations in a molecular junction under an applied bias. In this schematic junction, conductance is dominated by the lowest unoccupied molecular orbital (LUMO). Solid lines show the left-and right-projected molecular density of states (DOS). Tunneling electrons Figure 1 . Schematics of the current-induced inelastic processes in a molecular junction under an applied bias. ϵ 0 denotes a molecular resonance while μ L and μ R are the chemical potentials of the left and right electrodes, respectively. Black curves are the left-and rightprojected DOS while black arrows specify the direction of propagation of tunneling electrons. Blue arrows indicate intraelectrode (R LL a , R RR a ) and interelectrode (R LR a ) absorption of vibrational quanta while the red arrow represents emission (R LR e ).
(arrows) can interact with localized molecular vibrations. The red arrow indicates the emission of molecular vibrations (R LR e ), whereby the electron releases some energy which is absorbed by the vibrational degrees of freedom, contributing to the local heating of the junction. Blue arrows represent the processes of absorption of vibrations, which cool the junction by transferring energy from the vibrational to the electronic degrees of freedom. Electrons can also absorb energy from localized vibrations and be backscattered into the leads. These intraelectrode processes are represented by the R LL a and R RR a symbols. Absorption processes can also be associated with interelectrode scattering. R LR a in Figure 1 represents the absorption of vibrational energy of a right-moving electron which tunnels into the right electrode at a higher energy. In absorption processes the excess energy of the electrons is released in the electrodes 24 far from the junction. However, emission processes result in vibrations localized at the interface molecule. At equilibrium, the population of molecular vibrations is given by the Bose−Einstein distribution. 25 An applied bias drives the vibronic system in the device region out of equilibrium. However, if the absorption processes dominate over emission, the system is stable and the vibration population reaches a steady state condition.
The physical picture described in Figure 1 depends strongly on the width and position of the molecular resonance controlling charge transport. 24,26−29 In general, the closer the LUMO is to the Fermi level (FL), the stronger absorption processes are. On the other hand, a high DOS in the proximity of the bias window, associated with a strong electronic coupling of molecular and metal states, enhances the emission processes. Thus, the interplay of width and position of the molecular resonance defines the onset and intensity of the energy exchange between electronic and vibrational degrees of freedom.
Here we illustrate this interplay for a series of molecular junctions formed by N-heterocyclic carbenes (NHCs) where charge transport is dominated by the tail of the LUMO resonance. NHCs have attracted much attention for their interesting properties. 30 NHCs are highly reactive σ donors, and on gold, they have shown to be chemically stable at high temperatures. 31 The binding of NHCs to Au is particularly interesting in the field of molecular electronics since covalent Au−C metal−molecule bonds were shown to result in highly conducting junctions. 32−35 Recently we studied the transport properties of this NHC-based molecule on Au(100). 36 We found clear trends between the LUMO position and the atomistic details of the tip termination. Longer tips with a low coordination number of the Au contact atom induce a more pronounced downshift of the LUMO than for blunt ones. This structure-dependent downshift of molecular levels effectively acts as a gating potential and results in an 8-fold change of conductance at the FL. Here we focus on the effect of the atomistic structure of the metal−molecule interface on currentinduced emission and damping of molecular vibrations. We consider three specific junction structures on Au(100), namely, a tetramer, a pyramid, and a chainlike termination. This last geometry models the final stages in pulling experiments with strong metal−molecule bonds where, before rupture, Au atoms are detached from the surface. In these stretched configurations, mechanical or current-induced perturbations can induce the breaking of the junction.
For these NHC-based junctions, we calculate the rates of emission and absorption of molecular vibrations as a function of the applied bias. The ratio of the absorption to emission rates controls the HCD of the junction due to the interaction of the electronic system with the localized vibrations of the molecule. We find that for the chainlike junction the presence of a sharp LUMO resonance close to the FL enhances the current-induced absorption of vibrations compared to blunt tips. These findings highlight the critical role of electrode termination in the current-induced HCD of carbene-based junctions and point to the remarkable cooling dynamics of highly stretched molecular junctions.
■ METHOD
The emission and absorption of molecular vibrations due to the interaction with the electronic system can be described in the framework of the nonequilibrium Green's function (NEGF) theory. 25, 27, 37 In the low temperature limit the vibron emission rate R LR e,λ (where energy is transferred from the electrons to the vibrational mode λ) is expressed as
while the vibron absorption processes are given by the following terms:
We calculate the terms Λ α,β λ (ϵ,ϵ′) as
where α, β = L, R. The matrices A α,β (ϵ,k) are the left and right spectral functions which are related to the density of states projected onto the left and right side of the junction, respectively. 38 In the most general case these functions depend on both energy ϵ and electron momentum k. The spectral functions also depend on the applied bias through the nonequilibrium potential across the junction. To alleviate the notation, we omit this dependence in eq 3. Here we approximate the Λ α,β λ (ϵ,ϵ′) functions by making an average over electron momentum of the spectral functions in order to properly take into account the electronic structure. This approach is essential to avoid unphysical, sharp discontinuities of the rates as a function of bias. For the calculation of the electron−phonon coupling matrix M(q,k), 39 which depends on both the electron and phonon momentum (q), we use the M(Γ) approximation 40 which consists on calculating M in the Γ point of the Brillouin zone for both electrons and phonons. For systems with localized vibrations such as single molecule junctions or dilute molecular monolayers the q = 0 approximation has proven to be reliable due to the weak dispersion of vibrational modes in the plane perpendicular to transport. Also, the k dependence of the M matrix can be avoided through and adequate choice of representation of the Hamiltonian and overlap matrices. 40 The HCD of the molecule as a function of the applied bias can be captured by solving a steady-state equation for the The Journal of Physical Chemistry C Article vibron populations 41 which, in the undamped limit (no dissipation of energy into bulk phonons), is inversely proportional to the ratio between absorption and emission rates:
A ratio higher than one indicates a net energy transfer from the vibrational to the electronic degrees of freedom, effectively cooling down the junction. On the other hand, if the currentinduced emission dominates over the electronic damping, the ratio R λ (V) is lower than one and, at that bias, the vibronic population grows as a function of time, resulting in a strong increase of the effective temperature of the molecule. These vibrational instabilities 27, 42, 43 eventually lead to the breaking of the junction. Figure 2a shows the NHC-based molecule considered in this study. It is has two imidazole groups connected by a central benzene ring. Figure 2b −d shows the three structures considered: with the Au tip atoms forming a tetramer (b), a pyramidal structure (c), or an elongated, chainlike structure with a Au atom above a pyramid (d). These structures are hereafter referred to as T, P, and C, respectively. This latter binding motif is motivated by our recent pulling simulations of carbenes over Au(111) surface where, due to the strong Au−C bond, the contact Au atom can be extracted from the surface forming a short monatomic Au chain before the junction rupture. This behavior has been observed in a large variety of thiol-functionalized molecules anchored to Au or Pt electrodes. 44−49 In the calculation of the electronic and charge transport properties 50, 51 we use a single-ζ plus polarization basis for gold and a double-ζ plus polarization basis for sulfur, hydrogen, and carbon atoms. Exchange correlation is described with the generalized gradient approximation (GGA). 52 The positions of the molecule, tip atoms, and the surface gold layers were relaxed until residual forces fell below 0.02 eV/Å using a k = 5 × 5 × 1 Monkhorst−Pack grid for the calculation of the electronic structure. Eigenchannels are calculated following the method of Paulsson and Brandbyge. 53 In order to compute the emission and absorption rates in a out-of-equilibrium situation, it is mandatory to properly describe the bias dependence of the electronic structure of the full system. We thus calculated the electronic structure of the molecular junction self-consistently for different values of an applied bias up to 1.2 V in steps of 0.2 V.
■ SPECTRAL FUNCTIONS AND THEIR BIAS DEPENDENCE
We begin by analyzing the equilibrium (zero bias) electronic structure of the junctions. Figure 3 shows the projection of the left and right spectral function matrices onto the molecular subspace for the three structures considered at zero bias. This quantity shows how the position and broadening of the main (LUMO-derived) resonance changes as a function of the tip structure. For the T geometry the resonance is located at relatively high energies (1.2 eV) which results in a low density of states at the FL. In the case of the P geometry, the resonance is rigidly shifted down in energy to 0.6 eV, having approximately the same broadening. As a consequence, the density of states at the FL is higher compared to the T junction. For the chainlike structure the resonance is at even lower energies (0.45 eV), but the small electronic coupling arising from the reduced hybridization of the Au contact atom results into a low DOS at the FL. 36 These differences give rise to different HDC for the three structures in the presence of an external bias.
In order to investigate the HCD, it is necessary to know how the position of molecular resonances changes under an applied bias since the processes shown in Figure 1 strongly depend on the DOS near the FL. According to the selection rules, 48,54−59 the most intense inelastic scattering processes for this kind of junction involve channels with different (π and σ) symmetries. Figure 4 shows the left and right spectral functions for the C geometry decomposed into σ and π channels at 0 and 1.2 V. In The Journal of Physical Chemistry C Article this energy range, the σ channel is very smooth while the π channel shows a sharp peak at the molecular resonance which moves toward higher energies when a finite bias is applied. A more detailed study of the pinning of the σ-and π-projected spectral functions for the three structures in the whole bias interval is reported in the Supporting Information.
■ IDENTIFICATION OF ACTIVE VIBRATIONAL MODES
The sets of eqs 1 and 2 are computationally very expensive to calculate due to the energy integration and the necessary kpoint averaging of the spectral functions over the first Brillouin zone. Thus, it becomes mandatory to restrict the analysis to a small number of vibrational modes for which the heating mechanism is more critical. We characterize the vibrational modes and inelastic spectrum of the three structures under study and focus on the most active ones with the highest heating rate. From the calculated inelastic electron tunneling spectra (IETS) 39 ( Figure 5a ), we can identify the most relevant vibrational modes, which are at 25, 40, and 71 meV. In the bulk, Au phonons have a cutoff energy of approximately 25 meV.
60
Molecular vibrations with an energy equal to or lower than this threshold can dissipate the excess heat into these modes. 61 Above this cutoff the damping of vibrons is less effective due to energy mismatch. We will therefore focus on the two modes at 40 and 71 meV for which the energy exchange with the electronic bath is more critical for the thermal stability of the junction. For all structures the two peaks at 40 and 71 meV (indicated by the labels m 1 and m 2 in Figure 5a ) are given by interchannel processes and are associated with the out-of-plane modes shown in Figure 5b ,c. In the Supporting Information we resolve the contributions to the IETS signal arising from the different symmetries.
We also restrict our analysis to the bias regime where phase space for excitation of high-energy modes is much lower than for absorption (up to 1.2 V). At the vibrational threshold [eV b = e(μ L − μ R ) = ℏω λ ] and at zero temperature, only electrons with ϵ = μ L can dissipate energy into mode λ and tunnel inelastically into the right electrode. Electrons with an incident energy lower than μ L cannot emit the quantum of energy ℏω λ since on the right electrode there are no empty states below μ L − ℏω λ . On the other hand, the energy window for absorption processes is much larger, spanning from μ R − ℏω λ to μ L . This makes the cooling of high-energy modes at low bias particularly effective. We neglect the dissipation due to anharmonic coupling between molecular vibrations as this has been shown to be negligible in molecular junctions at room temperature.
■ EMISSION AND ABSORPTION RATES
As mentioned before, in the presence of an external bias, tunneling electrons drive the vibrational system out of equilibrium, heating the junction. If the total absorption rate is higher than emission, a steady-state condition for vibron populations is established, in which the population of molecular vibrations is constant in time and the system is stable. Figure 6 shows the ratio of absorption to emission (eq 4) for modes m 1 and m 2 as a function of applied bias for the three structures considered. In all cases the ratio eq 4 is always higher than one in the whole bias range considered which means that no current-induced vibrational instabilities take place and the systems are all stable in the nonequilibrium condition. The trend of R λ as a function of bias is the same for both modes m 1 and m 2 . R λ shows two distinct tendencies as a function of bias depending on the metal−molecule interface geometry. For blunt tips (T and P structures) the net rate decreases monotonically as bias is increased. This means that the higher the bias, the less effective the electronic cooling of the vibrational modes is. This results in an increase of the effective temperature of the vibrational mode as a function of bias. For the elongated C structure, on the other hand, the net rate has a more complex behavior. At low biases, the ratio between absorption and emission rates first decreases but then rises above 0.6 V. This increase results in an effective cooling of the most active vibrational modes and in a reduction of their effective temperature. We can understand this trend by examining the contributions of the different emission and absorption processes (eqs 1 and 2) to the rate R λ . These are shown in Figure 7 for mode m 1 , and a similar analysis is done in the Supporting Information for mode m 2 . For both T and P structures, the width and position of the LUMO resonance are , on the other hand, shows a modest increase while on the right electrode the R RR a rate decreases. As a result, the ratio R λ in eq 4, which involves all absorption processes, decreases as a function of bias, and the effective temperature of the two modes increases. Among the T and P structures, the lower LUMO position in the P case gives rise to higher contributions for this structure.
The C geometry, however, has a lower lying LUMO than the two other junctions but an even narrower peak due to the small electronic coupling of this elongated structure. Thus, the ratio of the resonance position to its width is highest for the chainlike geometry. This means that the onset of processes involving the peak of this resonance will be sudden. This is reflected in the faster increase of R LR a and R LL a at high voltages compared to the T and P structures (Figure 7) . When the applied bias is such that the chemical potential approaches the LUMO energy [eV b /2 = μ L ≃ (ϵ 0 − ℏω λ )], the absorption processes involving the molecular resonance R LR a and R LL a are enhanced substantially. The other (emission and absorption) processes R LR e and R RR a are not so efficient due to the low DOS at the energy of the outgoing electron. This is seen in the clear increase of R LR a and R LL a at high voltages, while the increase in the emission term R LR e is much lower. The net balance of these terms results in the nonmonotonic behavior of the cooling rate R λ of the C junction in the high bias region ( Figure 6 ). Notice that the same physical mechanism applies to the T and P structures, but the lower slope of the DOS around the bias window makes these effects smoother. For these structures, the DOS at ϵ + ℏω λ and ϵ − ℏω λ are not so different, and thus their impact on the ratio in eq 4 is lower, resulting in a monotonic reduction of R λ as a function of bias.
■ CONCLUSIONS
We studied the current-induced emission and absorption of molecular vibrations in a series of carbene-based molecular junctions. In these systems, the width and position of the frontier molecular orbital controlling transport can be tuned through the atomistic structure of the metal−molecule interface. We considered tetrameric, pyramidal, and chainlike terminations. We found that the changes in the electronic structure associated with these different contacts determine the current-induced heating and cooling of the junction through the emission and damping of localized molecular vibrations. Broad molecular resonances, associated with strong metal− molecule electronic coupling, result in small differences of the molecular DOS in the range of inelastic processes. As a consequence, the cooling ratio (of absorption to emission rates) decreases monotonically as a function of the applied voltage. Elongated tip structures with low coordination Au atoms, however, give rise to sharp molecular resonances. Here the rates of emission and absorption processes are very different depending on whether they are resonant with the molecular states or not. For LUMO-derived conductance, this results in a nonmonotonic behavior of the net cooling ratio which increases sharply beyond a given voltage, effectively cooling the junction at high voltages. Our results highlight the important role played by the atomistic details of the metal−molecule contacts not only on the electronic and elastic transport properties of carbene-based junctions but also on the energy exchange between electronic and vibrational degrees of freedom under an applied bias. They reveal trends between the tip shape and the heating and cooling ability and, in particular, state the somewhat counterintuitive idea that elongated chainlike structures provide the highest current-induced cooling of molecular vibrations at high voltages. These stretched junctions can be formed in the final stages before rupture of pulling experiments, and their stability is therefore critical. Since electronic damping of molecular vibrations is an important cooling channel, it effectively stabilizes the junction. We believe our results to be relevant for a broader range of molecular junctions having strong metal−molecule bonds and sharp resonances close to the FL. The Journal of Physical Chemistry C Article
